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N A recent investigation of a method for producing experimental postoperative cerebral edema, Mann and Travaini 3 described an increase in both gross and histologic edema~ associated with the administration of epinephrine to rats in which the brain was partially exposed by craniotomy. On the basis of their observations they sugtested the possibility that epinephrine could become a factor in cerebral edema, perhaps by altering the capillary permeability. If such a relation of epinephrine to cerebral edema exists, further investigation of this cffect is an ilnportant area of study.
Even more important is the fact that, if epinephrine does bring about an increased uptake of water by the brain with the cranium intact, concepts of intracranial dynamics that have been generally accepted for almost two centuries inight have to be revised. These concepts began with the work of Monro in 1783 and Kcllie in 18~4, and were most clearly propounded by Burrows in 1843, who stated "... I admit that the whole contents of the craniunl, that is, the brain, the blood, and this serum (the cerebrospinal fluid) together, nmst be at all times nearly a constant quantity" (quoted by Weed and McKibbeng) . In 1919, Weed and McKibben ~176 concluded that "within the closed cavity the alteration in volume of any element nmst be at the expense of the other elements."
Compromise of the vascular and CSF compartments by an increase in brain bulk with water infusion was recently substantiated by the excellent work of Rosomoff and Zugibe v Received for publication November ~5, 1966. * Presented at the Annual Meeting of the Western Neurosurgical Society, Salt Lake City, Utah, in November, 1966, and awarded the Annual Resident Award. (Author's present address: 819 Boylston, Seattle, Washington 98104.)
The term "edema" as used here implies an increase in brain bulk and a typical histological appearance as described by Perret and Kernohan. 6 Both alterations are generally considered to be due to an increased amount of fluid in the brain substance, either intraeellular or extracellular.
in which tile three constituents were measured simultaneously. From the previous reasoning concerning the "three compartment theory" (vascular, brain, and CSF), one would predict that holding tile blood pressure at a high level with epinephrine during infusion of a hyt)otonie solution would decrease the uptake of the water by the brain by making tile vascular compartment less compressible.
To investigate the effect of epinephrine on water uptake by the brain with infusion of a hypotonie solution, we conducted two types of experiments: 1) simultaneous measurement of blood and eisternal pressures, and ~t) determination of the percentage of water in the brain substance.
Measurement of Cisternal and

Blood Pressures
Method. The apparatus and method were essentially the same as those described by Stern. s Adult cats weighing from ~t.3 to ~.9 kg were used. All were anesthetized with intraperitoneal pentabarbital sodium. Tracheostomy and cannulation of a femoral vein and felnoral artery were done, after which the animal was placed in a ]mad hohter. A needle attached to a polyethylene tube was placed in the eisterna magna after surgical exposure down to the epidural laycr. Blood pressure and eisternal pressure were measured using Statham transducers and a Grass twochannel polygraph. Hypotonie solutions were delivered in a total dose of 50 ec/kg at a rate of 5 ce/min.
Results. Figure 1 shows the effect of administering a single intravenous injection of epinephrine. The parallel curves confirm the direct effect of a blood pressure rise on the eisternal pressure, which was also recorded in humans by Kety, et al. 2 This effect nmst be due to an increased intravascular volume, for it seems unlikely that either the brain bulk or CSF volume could be indirectly altered and return to a pre-existing level so rapidly. Furthermore, the cerebral blood flow in an anesthetized eat has been shown to be 
o p o r t i o n a l to the blood p r e s s u r e ?
T h e curve also shows t h a t no residual elevation of eisternal pressure exists a f t e r t h e e p i n e p hrine effect on blood pressure (BP). F i g u r e s shows the c o m p o s i t e curves of the blood a n d cisternal pressures of four a n i m a l s following the i n t r a v e n o u s a d m i n i s t r a t i o n of distilled w a t e r (50 c c / k g ) . T h e r e is a s m o o t h , g r a d u a l rise in cisternal pressure which shows an a l m o s t linear r e l a t i o n s h i p to dosage. N o significant a l t e r a t i o n in B P is seen d u r i n g the infusion, b u t there is a slight rise a f t e r the w a t e r has been a d m i n i s t e r e d .
W h e n e p i n e p h r i n e is a d d e d to the distilled w a t e r in an a m o u n t sufficient to p r o d u c e a s u s t a i n e d B P rise of 60-70 m m H g (0.~5 cc of 1:1000 e p i n e p h r i n e per 500 ec distilled water), a different curve, o b t a i n e d from five animals, is seen (Fig. 3 ). T h e r e is an initial rise of b o t h cisternal pressure a n d B P , then the B P is s t a b l e a t a high level while the cisternal pressure again shows t h e linear d o s e -r e l a t e d rise. H o w e v e r , w h e n the infusion of e p i n e p h r i n e a n d w a t e r is s t o p p e d , there is a p r e c i p i t o u s d r o p in cisternal pressure a n d B P t h a t a v e r a g e s 99 m m of I t 2 0 in the first 4 minutes, whereas with w a t e r alone the eisternal pressure falls 15 m m of H20. tile epinephrine group, the uptake of water t) 3 -the brain (with its resultant increase in brain bulk) wouhl be expected to be less in this group. That is, less volurne increase (in the "brain" COlnpartment) is required to produce a given amount of pressure change if the vascular compartinent is less compressible. This observation leads us to the seeond portion of the study, measurement of brain water.
Measurement of Brain Water
Method. Three groups of 5 cats each were used. Anesthesia and traeheotomy were perfornmd in the same manner as in the cisternal and bload pressure studies, and )tie femoral vein was cannulated. The fenmral artery and eisterna lnagna were not entered. The animal was placed in the head holder and infusion of either water or epinephrine-in-water was carried out exactly as in the cisternal and blood pressure studies. For the norrnal group, the procedure was the same except that no femoral eannula was placed and no infusion done. The anesthesia time and time in the head hohter were the same as in the experimental aninmls. Five minutes before the end of the infusion, a large midline incisign was made, the scalp was retracted from the left side of the head, and the skull was bared. At exactly the time of cessation of the infusion, the skull was quickly trephined; with the use of small rongeurs, a left eraniectomy was done. A large (approximately ~ era) coronal section was taken from the midportion of the left hemisphere. The animals remained alive following the removal of the specimen.
In all animals, the section of brain was removed in 81 to 4 minutes following the end of the infusion. The araehnoid was stripped off, and white and gray matter were quickly separated by sharp and blunt dissection. Two samples of white and two samples of gray matter were taken from each eat, weighed, and placed in a constant temperature oven at 95~ They were then reweighed at 24-hour intervals until a constant weight was reached; this required from 48 to 96 hours. The percentage of brain water was then calculated from the weight loss. The assumption was made that if other constituents were lost during drying at this temperature, tile amount of loss should be the same for all three groups.
Results. The brain water determinations and the differences between them are shown in Tables I and ~. As expected, there is a significant increase in brain water with infusion of distilled water. With infusion of epinephrine and water, there is a slight increase in brain water in the gray matter, but this is significantly less titan with infusion of water only. Of greatest interest, however, is the very signifieant difference between the percentages of water in the white matter of the animals that received only water and those that received epinephrine and water. The brain weight data, then, follow tile prediction made from the pressure data and from tlre "three compartment theory" of intracranial dynamics, that less water is taken up by the brain if epinephrine is added to an infused hypotonie solution.
Discussion
Mann and Travaini a found that when epinephrine was given to their animals, the brain herniated through tile craniotolny, so that "at inaximal swelling the edema usually extended several nun above the upper surface of the skull." From examination of Fig. 1 , which shows the marked rise ira intracranial pressure associated with a sudden rise in bh~od pressure, one would predict that the brain wouht be pushed through a skull opening as a result of a massive dose of epinephrine. Furthermore, the resultant damage due to distortion, venous occlusion, and perhaps ischemia wouhl probably be significantly greater than the localized damage caused by craniotomy alone. It does not seem necessary, therefore, to postulate an effect of epinephrine on capillary permeability to account for the observed increase in localized cerebral edema.
On the other hand, it is equally important to note that our study does not deal with the effect of epinephrine on damaged brain tissue, nor does it measure the epinephrine effect on a surgically decompressed skull. Indeed, if the production of edema in brain tissue has any relation to Starling's law of the capillary, there are three factors operating to produce edema in Mann and Travaini's experiment: 1) reduced tissue pres- sure brought about by the eraniotomy, ~) increased capillary pressure due to the increased arterial t)ressure, an(t 3) compromised venous drainage associated with herniation.
The experiments presented here have several interesting implications. If a high blood pressure protects the brain from edema when the cranium is closed, there may be some teleological significance to the so-called "Cushing-Kocher phenomenon" of elevation of systemic blood pressure with increased intracranial pressure (other than maintenance of adequate cerebral blood flow). Also, one could speculate that a sustained low blood pressure in the postcraniotomy patient might allow more cerebral edenm to occur due to a more easily compressed vascular compartment. This, in turn could further decrease cerebral blood flow, causing relative ischemia and more edema, etc.
A phenomenon such as this was described by Meyer, et al., 4 who noted compression of brain vessels (luring severe brain swelling. Kety, et al., 2 found that the negative correlation between cerebral blood flow and intracranial pressure was poor at CSF pressures under 450 mm II20. This was thought to indicate that the compensatory rise in arterial pressure was sufficient to overcome the increased resistance up to that level. Presumably, if eomi)ensatory mechanisms were not intact, cerebral blood flow could be affected at a lower level of increase in CSF pressure.
Other interesting questions are also raised by these experiments. For example, what are the intracranial dynamics if a high BP is * ])ata derived frmn weighing, drying and rewelghing of samples of white matter. Note that although N=5 in each group, this represents 10 samples of t)rain tissue. (N represents the number of samples of brain tissue, or matheumtically, the numl)er of degrees of freedom. S.E. of 1)ifference=standard error of difference; t=t value; P= the probability of getting this difference as a result of chance variations.) sustained for a longer period of time in the anesthetized animal? How is the CSF compartment affected by changes in brain bulk or the size of the vascular conq)artment? The recent careful work of Pappenheimer, et al , 5 indicates that inflow and outflow in the CSF conlt)artumnt are related linearly to vcntricular pressure and are more labile than may have been previously suspected. Certainly this could explain the mechanism for the compromise of the CSF volmne, an explanation which is necessary to the logic of the "three comt)artment theory." Could the uptake of brain water be affected, and perhaps controlled, by artificially controlling the CSF pressure and blood pressure? Innumerable other I)roblcms come to mind and suggest further investigation into the relation between cerebral edema and tEtracranial dynamics.
Summary
Two types of cxperinmnts were designed to measure the effect of administering epinephrine during an infusion of distilled water on the uptake of water by the cat brain. The amount of water taken up by the brain was shown to be significantly less if the blood pressure was held at a high level by epinephrine in animals with an intact cranium. We have discussed the relationship of these findings to the experimental work of other authors and to the "Monro-Kcllie doctrine."
